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Abstract
In this paper, a low cost mobile foot pressure scanning device has been developed which has linked with the Wireless Sensor Networks 
(WSN) for continuous monitoring of human foot plantar-pressure.  The device was attached to test subjects who then went through a 
regimen of varied walking, jumping and turning action on the ground. Data was collected simultaneously through WSN device. In this 
project, the hardware and software system have been developed for detecting, collecting, transmitting and finally analyzing the collected 
data. To estimate the peak pressure points on the foot sole, several experiments were conducted.
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA.
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1. Introduction
The study of biomechanics of human walking has been an important multi-disciplinary research topic for many decades as 
human are relying on their feet daily. Aristotle was the first one who analyzed animal movements which in his book “De 
motu animalium” [1-3]. At the time, he focused on the geometric movement of gait and designed models of the mechanics 
associated in the joints of these animals’ extremities. At the ancient time, observation is the only measuring device available 
to him, but despite this he was able to get very accurate measurements. Even more incredible was the fact that he was able 
to describe the action and movement of the muscles in these joints [7-9]. Analysis of gait was furthered in 1916 with the 
introduction of the force platform. This allowed for measurement of the impact forces of the foot when it strikes the ground.
Using it in conjunction with other instruments human movements could be studied more objectively. An example of a study 
that did so was in 1938, where Elftman used a plate suspended on four coil springs in addition to an optical recording device
[4-6]. 
This study provided information on the ground reaction force and trajectory of the center of this force providing 
inaccurate results [7]. Pedotti et al described a technique for insoles to be equipped with piezoelectric sensors. The authors 
of this method claimed it as the most relevant and accurate method of measuring and representing force distribution 
throughout the foot. Also in the early 1970’s, with the introduction to computers, the measurement techniques were 
revolutionized because computers allowed for better data acquisition techniques. Due to this increase in technology, 
development into new transducer devices also became possible, which would allow for more new ways to track human gait
[7]. 
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Now, foot scan is a state-of-the-art gait analysis system with a wide range of applications in rehabilitation, sports 
medicine, research centres, and shops and in industry too. The foot scan gait systems are developed to perform state-of-the-
art pressure measurement, by using the foot scan plates or insoles. Barefoot and shod measurements in a static and dynamic 
way can be performed with the foot scan plates, shod and dynamic measurements can be performed with the foot scan 
insoles. Besides the static and dynamic pressures (N/sqcm) during the un-roll of the foot, the foot scan gait system is giving 
important information: quantification of the motion of the foot, temporal and spatial parameters of the unroll and of gait, 
which are all additional parameters to interpret the total gait pattern of the human being or animal. 
The foot scan balance system is developed to perform state-of-the-art pressure measurements, in clinical needs or 
scientific setups, using the foot scan plates or some other foot scan devices. A user friendly software creates the opportunity 
to have accurate and reliable pressure and timing data in no time. Barefoot and shod measurements can be performed. 
Additional to the display of the displacement of the centre of gravity during stability tests, the foot scan balance system has 
an important feedback function by showing the dynamic foot pressure to the patient, to visualize his body movement.
In this paper, this study aims at development of in shoe plantar pressure scanning system by using force sensing 
resistors together with Wireless Sensor Network devices. A system for dynamic pressure recording was desirable to find the 
plantar pressure. Methods and material used for the development of the system are being discussed in the next section. 
Section III deals with the results obtained and analysis of the results. The paper concludes with the findings of the study in 
section IV.
2. Methodology
The Methodology provides the flow of methods that used carry out the whole project, as well as solve the problem 
statement. Planning is an important stage because it gives a map as many ways link-up together to achieve the objectives of 
the project. In a nutshell, this session shows the outline of methods and approaches used to obtain the results and to justify 
the problem statement. 
In this project, the final system design is a wearable system which consisting of three main parts: sensors, data 
acquisition platform, and personal computer (PC) software. All the sensors were then connected to cables running to a 
custom made circuit connected to a computer data acquisition unit. However, careful calibrations of the FlexiForce sensors 
were made before acquiring data and running the test.  Once calibration was completed, the sensors could be affixed to 
positions on a simple store bought insole and wired to their respective circuits.
Two shoes inserts with four FlexiForce transducers for each placed at impact points on the metatarsus and 
calcareous regions. The transducers were then connected to cables running to a custom made amplifying circuit connected 
to a computer data acquisition unit. The test will be carried out to collect the distribution of impact forces along the feet by 
the test subjects. Real-time impact forces will be recorded and the data will then be analyzed. 
2.1. Foot Sensor Construction
The FlexiForce sensors are attached on the mold of an athletic shoe insert that was purchased. The quality insert must 
provided a durable, pre-made mold allowing easy modifications and eat of attachment of the FlexiForce sensors. In order to 
make the test more convenient and have wider range for test subjects, the size range of the shoe insert was designed for a 
person with a shoe size between size us8 and us11 (average size). This size range was convenient in that most subjects, test 
subjects chosen were between size us8 and us11. Also, the quality of the insert was determined for an equally-distributed 
cushion for the impact which walkers and runners experience. It means that the insert did not provide any unbalanced 
support in certain areas. 
The sensors will be glued on the shoe inserts. In order for the FlexiForce sensors to obtain the correct readings, 
“pucks” which are the two thin cylinders may need to be considered, each covering the sensor area completely. These pucks 
are needed because they can translate the direct forces into a more distributed force on the sensor, as described in the 
manufacturer’s manual specifications.  
Those pucks were created using a thin polymer material trimmed slightly into a smaller area than the sensor area 
itself. They were glued with a very small amount super glue to securely attach them to sensors. This steps also ensured that 
the sensors will not easily spoil when the user step on it with direct forces. 
The entire sensors array will be reinforced with a strong tape to prevent tearing due to the frictional shear forces of 
the foot rubbing against the side of the shoe while walking when test is ongoing. Each of the three sensors leaving the shoe 
had two wires soldered to the in and out electrical terminals. The three combines wires will then securely tied up together 
for the entire length of 20cm to the signal processing board. Then, the signal processing board will be attached on a 
customed strap that ties up with leg.  As shown in the figure 1.1 below. 
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Figure 1.1. Foot sensors construction.
2.1.1. Determination of proper sensor placement
After carried out some research, the regions on foot with the greatest magnitudes of stress during impact (for normal foot) 
are shown in Figure 3.3. The regions are yellow in color. With this information, three best spots were then determined and 
chosen as the best areas to attach the FlexiForce sensors. Each shoe insert will be installing three sensors at the determined 
nodes where the greatest magnitude of force is located for both shoe inserts. The correct placements of the FlexiForce
sensors are shown in Figure 1.2 as well.
Figure 1.2. Proper sensor placements.
2.2. Circuit Construction
In this project, it is essential to build up an electrical circuit to control the output of the piezoelectric FlexiForce sensors 
which are attached on the shoe inserts. Because each sensor is likely to have slightly different behavior, each sensor requires 
its own drive circuit. The drive circuit is a standard inverting amplifier circuit or current to voltage converter, with the FSR 
wired to the input and the gain resistor wired between the negative terminal of the OP-AMP and the output. The gain 
resistor determines the sensitivity of the sensor and would need to be tuned based on the calibration data. However, a 
recommended driving circuit was supplied by the manufacturer, as shown in Figure 1.3.
Figure 1.3. Recommended driving circuit.
In the circuit above, when the heavier loads are applied, the FlexiForce sensors resistance, “Rs” will decreases 
exponentially, and the control circuit takes this change in resistance and turns it into a linear change in voltage. Since it was 
an inverting op-amp with a feedback resistors, the amount the op-amp amplifies is determine by the ratio of the input and 
feedback resistance ratios. Hence, the gain changes depending on the value of the resistor in the negative feedback loop, 
“Rf” gain is the amount that the input is varied or amplified, so its depending on how the resistors being used, the voltage 
change at the output (given a constant load at the sensor) can be either increased or decreased. Consequently, the sensitivity 
of the circuit and sensor can be varied depending on the change in voltage per ohm of resistance. Furthermore, a positive 
and negative voltage need be used in order to driven the op-amp. This driven voltage is the maximum value of the voltage 
that can be output from the op-amp.
The value of “Rf” had to be chosen to allow for a large load but still be sensitive enough to be able to measure 
minor changes in force at the sensor. To allow for this sensitivity, the driving voltages of the op-amp and the input voltage 
had to be determined to allow for the largest range. After analyzing the data, we have modified the circuit for the better 
sensitivity and accuracy purpose. The value of the negative feedback loop resistor, “R4”, was chosen because it allowed for 
both the sensitivity and the ability to take large loads. Additionally, the value of the input voltage, “Vin”, was determined to 
be -3 volts and the driving voltage of the op-amp was determined to be ± 9 volts. This allowed the output to vary from 0 to 6 
volts. A voltage divider was used, however, to allow the value of “Vin” to be changed if needed.
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2.3. Calibration 
Calibration is the method by which the sensor’s electrical output is related to an actual engineering unit, such as pounds, 
Newtons or other engineering unit. To calibrate, apply a known force to the sensor, and equate the sensor resistance output 
to this force. Repeat this step with a number of known forces that approximate the load range to be used in experiments 
later. Then plot a force versus conductance (1/R) graph. A linear interpolation can be found between zero load and the 
known calibration loads, to determine the actual force range that matches the sensor output range.  The procedures involved 
placing the dumbbells evenly on the foot insert, all over the sensor being calibrated. First, a dumbbell weight of 2kg was 
placed, and the resistance, Rs was noted. Then, repeated the process in added increments of 2kg until 20kg was reached. 
After that, the conductance 1/ Rs of the sensor was calculated. All the obtained data is then being recorded in the table 
below:
Table 3.1.Calibration of FlexiForce Sensor
Weight, W
(kg)
Resistance, Rs
(k
Conductance, 
1/ Rs (μS)
2 1600 0.625
4 750 1.333
6 465 2.151
8 362 2.762
10 274 3.650
12 230 4.348
14 202 4.951
16 179 5.587
18 164 6.098
20 144 6.944
From the data we obtained above, a weight versus resistance graph was plotted by using Microsoft Excel. Also, a 
graph of weight versus conductance was plotted to find the linearity of it. Both graphs are shown as below: 
Figure 3.4. Weight vs. Resistance graph
Figure 3.5. Weight vs. Conductance graph
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From the graph above we can see that the weight versus conductance has a good linearity, as mentioned in 
FlexiForce Sensor User Manual. Therefore, we can write the equation of this fitting straight line as 
C=AW+B                (2.1)
where C is the sensor’s conductance in 1/k RUµS, A is the slope or gradient of fitting straight line, W is the weight of the 
load in kilograms (kg), and B is the intercept, which is the constant. 
Then, from the equation above, the slope A and B can be calculated from equation (2.2) and (2.3). 
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B = Cn- AWn                                                                    (2.3)  
By solving equation (2.2) and (2.3), we obtained A = 0.3336 and B = 0.314, the value were put in the equation (2.1) and is 
rewritten as below.
C = 0.3336W + 0.314                                            (2.4)
In order to find the force, F for the particular sensor, a mass or weight must be known.  Hence, the equation (2.4) is 
rewritten as below. 
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                                                        (2.5)
Then, we equate the weight, W which is the mass, M into the force equation (2.6) by substituting the equation (2.5) into it 
and rewritten in equation (2.7). Therefore, the force exerted can be obtained from the equation. 
F = Ma                                                                              (2.6)
                                                                                                   F1 = ¸
¹
·¨
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314.0C
× a                                                  (2.7)
where a is the standard gravity, which is acceleration (9.81ms-2).
The force, F1 obtained above is subjected to the sensor 1 which will be placed at the heel. For the other sensors, the 
same calibration method was carried out for sensor 2 and sensor 3 which will be placed at the 1st (MTH1) and 5th (MTH5) 
metal tarsal head (MTH) respectively. The forces F2 and F3 for sensor 2 and 3 is written as following:
F2= ¸
¹
·¨
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× a                                      (2.8)
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¹
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§ 
3336.0
314.0C
× a                                     (2.9)
Finally, the total force exerted by the feet can be obtained by summing all the forces together and give us equation 
(2.10).
                                Ftotal = F1 + F2 + F3                                                       (2.10)
2.4. Data acquisition 
In order to obtain the data after the process of measuring the physical phenomenon such as pressure in this project, a data 
acquisition unit (DAQ) is needed. PC-based data acquisition uses a combination of modular hardware and flexible software 
to transform your standard laptop or desktop computer into a user- defined measurement or control system. With the 
connection between DAQs and the sensor circuits, were then linked to a laptop. 
Other than that, a graphical user interface is needed to link up with the force sensing device in order to display a 
meaningful result to a user on the laptop or computer. The interface was designed by using LabVIEW by National 
Instrument (NI).  The LabVIEW will reads from the ADC unit to receive the data from the sensors.
2.4.1. Wireless Sensor Networks
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The rapid growth and advance of sensor technology and wireless communication has resulted in the development of 
wireless sensor networks (WSNs).  WSNs have benefits of low cost and wireless communication capability. In this project, 
as mentioned earlier which data was collected simultaneously through WSN device and then analyzed. Hence, the output of 
the circuit board is soldered together with the data acquisition board (MDA100CB) which will connect with the IRIS 
processor (XM3220CA), and then finally the data will send to the USB PC interface board (MIB520CB). The three WSN 
kits components are shown in Figure 1.4 as below.
Figure 1.4. WSN kits from left MIB520CB, XM3220CA, and MDA100CB. 
The MDA100CB is a sensor board that has an on-board precision thermistor, light sensor/photocell and general 
prototyping area. It also has 5 free Analog to Digital Channels (ADC) for addition of external sensors and 45 unconnected 
holes that are used for breadboard of circuitry [4]. The programming language of this wireless sensor network is TinyOS.
Both IRIS module and Base Station need to be programmed by using Programmer’s Notepad 2 program of MoteWorks. 
2.4.2. LabVIEW 
In this project, we used the LabVIEW as our graphical interface to show the continuous data graph simultaneously with the 
test subject during the experiment. Before that, the programming part need to be done, which is programmed into the IRIS 
modules and also the data acquisition boards, only then we start the application with the LabVIEW. 
3. Results and Discussion
The developed system and device was tested for the experiment 1, which is to test the sensitivity of the sensor.  First, we 
determine and fix the load applied to the sensor. The fixed load is 10kg for the experiment 1. Then, we are fixing the 
reference resistor (Rf ) at 52kNNNDQGN. The output voltage (Vout ) for the vary reference resistance 
(Rf ) were recorded by using digital multimeter. 
By changing the reference resistance, we can then observe that there is a changed in the output voltage (Vout ). With 
the input voltage (Vin) equal to 5V, the FlexiForce sensor resistance (Rf ) can be obtained by using the formula below.
Vout = Vin x (Rf  / Rs)      (3.1)
Table 4.1. Result of FlexiForce Sensor Sensitivity
M (kg) Rf (k Rs (k Vout (V)
10 52 99.24 2.62
10 54 99.26 2.72
10 56 99.29 2.82
10 58 100.00 2.90
10 60 101.70 2.95
Figure 4.1.Graph of Rf vs. Rs
Based on the result and graph plotted, it clearly shows that, as the reference resistance (Rf) increases the sensitivity 
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of the sensor increases as well. For the fixed load applied to the sensor, we can observe that the sensor resistance increases 
as the reference resistance increases from 52k WR N 6R ZH FDQ VD\ WKDW WKH VHQVLWLYLW\ RI WKH VHQVRU LV GLUHctly 
proportional to the reference resistance. Having to say that the sensor is more sensitive with higher reference resistor value, 
but we must also take the active force range into account. Because the active force range of the sensor will be reduced when 
the reference resistance increased. Therefore, by taking both sensitivity and active force range of the sensor into account, the 
best reference resistance for this project will be 56k
After we obtained the most appropriate reference resistance, then we can further look into the relationship between 
the loads and the sensor resistance. In this experiment, we are setting the loads (M) weight from 2kg to 10kg, applied evenly
on the sensor. The changes in the output voltage (Vout) are being observed as the loads are increasing. With both Rf and Vin
fixed at 56kDQG9UHVSHFWLYHO\WKHVHQVRUUHVLVWDQFHVRs) can be obtained by using the formula 4.1.
Table 4.2. Result of Relationship between Loads and Sensor Resistances
M (kg) Rf (k Rs (k Vout (V)
2 56 133.33 2.10
4 56 123.89 2.26
6 56 118.14 2.37
8 56 112.90 2.48
10 56 107.69 2.60
Figure 4.2. Graph of loads, M vs. Rs
From the result and graph plotted, it is obvious that the sensor resistance decreases, as the load increases. Hence, 
we can conclude that the sensor resistance is inversely proportional to the load applied to the sensor. It simply means when 
a force is applied to the sensor sensing area, the sensor resistance will decrease. 
Reference:
[1.] Cowin, S., 1989. Bone Mechanics. CRC Press LLC. 
[2.] DellaGrotte, J. , 2008. Phone Interview
[3.] Dimension Engineering, 2008. A Beginner’s Guide to Accelerometers, http://www.dimensionengineering.com/accelerometers.htm 
[4.] Elliot, Rod., 2002. Beginners Guide to Potentiometers, http://sound.westhost.com/pots.htm
[5.] Hayashi, K., 1996. Computational Biomechanics, Springer. 
[6.] Kavanagh, J., Menz, H.B, 2007. Accelerometry: A Technique for Quantifying Movement Patterns During Walking.
[7.] Mannion, A., Troke, M., 1999. A Comparison of Two Motion Analysis Devices Used in the Measurement of Spinal Mobility 
[8.] Medved, V., 2001. Measurement of Human Locomotion, CRC Press LLC.Noraxon U.S.A. Inc., www.noraxon.com. 
[9.] Perry, J., 1992. Gait Analysis Normal and Pathological Function, Thorofare, NJ: SLACK Incorporated.
[10.] Tekscan, 2008. FlexiForce and F-Scan Information, http://www.tekscan .com 
